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ABSTRACT

To develop new strategies for searching for genetic associations with complex human diseases, we analyzed
2784 single-nucleotide polymorphisms (SNPs) in 396 protein-coding genes involved in biological processes
relevant to cancer and other complex diseases, with respect to gene diversity within samples of individuals
representing the three major historic human populations (African, European, and Asian) and with respect
to interpopulation genetic distance. Reduced levels of both intrapopulation gene diversity and interpopula-
tion genetic distance were seen in the case of SNPs located within the 5-UTR and at nonsynonymous SNPs,
causing radical changes to protein structure. Reduction of gene diversity at SNP loci in these categories
was evidence of purifying selection acting at these sites, which in turn causes a reduction in interpopulation
divergence. By contrast, a small number of SNP sites in these categories revealed unusually high genetic
distances between the two most diverged populations (African and Asian); these loci may have historically

been subject to divergent selection pressures.

N the human genome, a large number of single-nucleo-
tide polymorphisms (SNPs) are believed to be in
protein-coding genes (estimated to be between 50,000
and 250,000) (BROOKES 1999; GRrRAY et al. 2000; RiscH
2000; ScHORK ¢t al. 2000; CHANOCK 2001 ; LOHNMUELLER
et al. 2003). Such SNPs seem a promising source of
candidate genes for understanding the genetic contribu-
tion to complex diseases such as cancer and heart disease,
especially when the protein is known to play a role in
biological processes relevant to the disease of interest.
Because >7 million SNPs have been reported in the
public database (dbSNP, build 120), it is desirable to
develop methods of sifting through this information to
find likely candidates for disease association (SUNYAEV
et al. 2001; WANG and MouLrt 2001; NG and HENIKOFF
2002; RAMENSKY et al. 2002; BoTsTEIN and RiscH 2003;
FLEMING et al. 2003; FREUDENBERG-HUA et al. 2003;
HuGHES et al. 2003; STITZEL et al. 2003).

Evidence of the action of purifying selection at a given
locus is evidence that a deleterious allele is present (ZHAO
et al. 2003). Purifying selection is the form of natural
selection that acts to eliminate selectively deleterious
mutations. For example, purifying selection is expected
to act against mutations that have deleterious effects on
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protein structure by causing changes to functionally
important amino acid residues or on gene expression
by altering regulation (KiIMURA and OHTA 1974; NEI
1987). Estimation of gene diversity (heterozygosity) at
1442 SNP sites in an ethnically diverse sample of humans
revealed consistently reduced gene diversities at sites
where SNPs caused amino acid changes, particularly those
predicted to be disruptive to protein structure (HUGHES
et al. 2003). Since SNPs are almost always biallelic, a rela-
tively low gene diversity at a given SNP site (i.e., the site
at which the polymorphism occurs, which may also be
referred to as a “SNP locus”; see HUGHES et al. 2003) is
equivalent to a low allelic frequency of the less common
of the two alleles. The reduction of gene diversity at these
SNP sites, in comparison to SNPs in the same genes not
affecting protein structure, is evidence that purifying
selection has reduced the population allelic frequen-
cies of deleterious SNP alleles. This in turn suggests
that slightly deleterious mutations are widespread in
the human population and that examination of the pat-
terns of SNP diversity across protein-coding loci can help
guide the search for disease-associated SNPs (HUGHES
et al. 2003).

In addition to its effects on allelic frequencies within
populations, natural selection is expected to affect the
extent of divergence in gene frequency between popula-
tions. Therefore, when samples are derived from histori-
cally distinct subpopulations, examination of the pattern
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of interpopulation divergence at SNP sites potentially pro-
vides a novel source of information about past natural
selection that can be useful in guiding the search for
candidate loci in disease-association studies. Furthermore,
interpopulation divergence may provide evidence not
only of purifying selection but also of positive selection
leading to allele frequency divergence between popula-
tions.

To exploit information on interpopulation diver-
gence as a source of information regarding natural se-
lection at SNP sites, we performed a comparison be-
tween human populations of allelic frequencies at 2784
SNPs from 396 protein-coding loci. These loci were cho-
sen because they are involved in fundamental biological
processes (including development, the cell cycle, and
immunity) believed to be relevant to cancer and other
complex human diseases (PACKER et al. 2004). The SNPs
were restricted to known genes and heavily biased to-
ward exons, intron-exon borders, and regulatory re-
gions within 5 kb of the start or end of the open reading
frames. Because of the availability of a greater number
of SNPs in the 5’-untranslated region (UTR) of genes
than in our previous sample (HUGHES et al. 2003), we
were able to test for purifying selection on these sites,
some of which may be expected to be subject to func-
tional constraint due to their role in the regulation of
gene expression.

MATERIALS AND METHODS

Samples: Allele frequency data for 2784 SNP sites were taken
from the SNP500 database (PACKER et al. 2004). This database
is based on bidirectional sequence determination of each SNP
in 102 unrelated individuals from the Coriell Institute for
Medical Research (Camden, NJ; http:/locus.umdnj.edu/
nigms/). On the basis of self-described ethnicity, these individ-
uals were assigned to four populations: 31 non-Hispanic Cau-
casians, 24 African/African-Americans, 24 of Pacific Rim heri-
tage, and 23 Hispanic. Because the “Hispanic” classification
does not correspond to a major geographically defined histori-
cal subdivision of the human population, it was not included
in the analyses reported in this article. The other three groups
are referred to in the following as, respectively, European,
African, and Asian. SNPs for analysis were chosen within or
close to genes, and the selection of genes and SNPs for analysis
was drawn from publicly available databases. For details of
sequencing methodology see PACKER et al. (2004) and HUGHES
et al. (2003). Allelic frequency data for all SNPs are available
at http:/snpb00cancer.nci.nih.gov.

Statistical analyses: Gene diversity (heterozygosity) at a SNP
site was estimated by 1 — >.—1x7, where n is the number of
alleles and x; is the population frequency of the ith allele
(NEI 1987, p. 177). For a given biallelic SNP site, the allelic
frequency divergence between each pair of subpopulations
was computed using the formula

d=1— [(x1y1)1/2 + (x2y2)]/2],

where x; and y, are the frequencies of the first allele in each
of the two subpopulations, respectively, and x, and y, are the
frequencies of the second allele in each of the two subpopula-
tions, respectively. The average of d over all loci is the average
genetic distance (D,) (NErI 1987, p. 216).

TABLE 1

Average genetic distance (D, = SE) between human
populations based on 2784 SNP loci

European Asian
African 0.0286 = 0.0008 0.0314 = 0.0009
European 0.0182 = 0.0006

SNPs were classified with respect to their location and effect
on protein function as follows: (1) SNPs located in the 5'-
noncoding region outside the 5-UTR, (2) SNPs located in
the 5’-UTR, (3) SNPs in the 3"-noncoding region outside the
3'-UTR, (4) SNPS in the 3’-UTR, (5) SNPs in introns, (6)
synonymous SNPs in exons, (7) nonsynonymous SNPs in exons
causing a conservative amino acid change, and (8) nonsynony-
mous SNPs in exons causing a radical change. Radical nonsyn-
onymous changes included a small number of cases (N = 5)
where a SNP introduced a stop codon and a larger number of
cases causing an amino acid replacement involved two amino
acids with a pairwise stereochemical difference >3.0 according
to Mi1vATA et al’s (1979) scale (based on amino acid residue
volume and polarity). Otherwise, missense SNPs were catego-
rized as conservative. MIYATA el al.’s (1979) is one of many
scales that measure chemical distance between amino acids,
all of which are significantly correlated with one another. Use
of other scales in preliminary analyses yielded similar results
to those using MIYATA et al.’s (1979) scale. Previous analyses
of gene diversity at a smaller number of SNP sites from the
same population showed a similar pattern in the case of non-
sense SNPs and radical nonsynonymous SNPs (HUGHES et al.
2003); therefore, the two were combined in a single category
in the present analyses.

RESULTS

The average genetic distances between Africans and
Europeans and between Africans and Asians were sig-
nificantly greater than that between Europeans and
Asians (paired t-test; P < 0.001), as is expected given
the African origin of modern humans (NE1 and Liv-
sHITS 1989; TisHKOFF and VERRELLI 2003) (Table 1). The
average genetic distance between Africans and Asians
was significantly greater than that between Africans and
Europeans (paired ttest; P = 0.001). Because the Afri-
can and Asian populations showed the greatest pairwise
genetic distance, we focused particular attention on the
distribution of genetic distances between these popula-
tions for different functional categories of SNPs.

In the African-Asian comparison, striking differences
were seen among functional SNP categories with respect
to genetic distance (d) (Table 2). Radical nonsynony-
mous SNPs and SNPs in the 5’-UTR showed the lowest
mean dvalues (Table 2). For every category except SNPs
in the 5’-UTR, the mean d was significantly higher than
that for radical nonsynonymous SNPs (Table 2). A simi-
lar pattern was seen in the case of nonparametric tests,
in which all categories except 5'-UTR showed significant
differences from radical nonsynonymous SNPs (Table
2). Although the median d for 3"-non-UTR and for con-
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TABLE 2

Mean (*SE) and median genetic distance (d) values at SNP loci in different functional categories

African vs. Asian

All between-population comparisons

SNP category N Mean * SE Median Mean * SE Median
Silent
5'-noncoding
UTR 65 0.0157 = 0.0030 0.0105 0.0190 = 0.0026 0.0108
Non-UTR 305 0.0353 = 0.0028%** 0.0168# 0.0283 = 0.0018%** 0.0169 ks
3'-noncoding
UTR 312 0.0341 = 0.0031%** 0.0109%#** 0.0275 = 0.0018%** 0.014 0%
Non-UTR 156 0.0270 = 0.0033* 0.0105%#** 0.0230 = 0.0021* 0.01397###%
Intron 1101 0.0332 = 0.0016%** 0.01097%#** 0.0275 = 0.0010%** 0.014 0%
Synonymous in exon 373 0.0315 = 0.0024%** 0.0109%#** 0.0249 = 0.0015%** 0.01407%##*
Nonsynonymous
Conservative 428 0.0276 = 0.0020* 0.0105%#* 0.0241 = 0.0013** 0.01407% 4%
Radical 44 0.0157 = 0.0044 0.0105 0.0144 = 0.0026 0.0073

Tests of the hypothesis that mean d equals that for radical nonsynonymous SNP loci (ttest): *P < 0.05; **P < 0.01; ***P <
0.001. Tests of the hypothesis that median d equals that for radical nonsynonymous SNP loci (Mann-Whitney test): *¥¥¥pP <

0.05; ###xxP < ().01; ***#%P < (.001.

servative nonsynonymous SNPs was identical to that for
radical nonsynonymous SNPs, the Mann-Whitney test
(which is based on average ranks) showed a significant
difference in location between the former two catego-
ries and radical nonsynonymous SNPs (Table 2).

Mean d between populations (z.e., the mean of Afri-
can-European, African-Asian, and European-Asian com-
parisons) likewise showed the lowest mean and median
values in the case of radical nonsynonymous SNPs (Ta-
ble 2). The values for the 5’-UTR were not significantly
different from those for radical nonsynonymous SNPs,
but all other categories showed significant differences
from radical nonsynonymous SNPs in both parametric
and nonparametric tests (Table 2).

As in our previous analyses (HUGHES et al. 2003), we
found differences among SNP categories with respect
to gene diversity (heterozygosity) (Table 3). Mean gene
diversity was lowest in the case of radical nonsynony-
mous SNPs, and mean gene diversities for all categories
except the 5'-UTR differed significantly from that for
radical nonsynonymous SNPs (Table 3). Median gene
diversities showed an identical pattern (Table 3). We
computed correlation coefficients, both the Pearson
correlation coefficient and the nonparametric Spear-
man correlation coefficient, between d and gene diver-
sity for each SNP category (Table 3). In most cases,
the correlation coefficients were modest but statistically
significant (Table 3).

Although the results showed overall lower interpopu-
lation genetic distances for SNPs in the 5-UTR and
for radical nonsynonymous SNPs, certain SNPs did not
follow this trend. Table 4 lists cases of SNPs in these
two categories for which the genetic distance between
African and Asian populations was unusually high [>2

standard deviations (SD) above the mean for the cate-
gory]. Also included are cases of conservative nonsynon-
ymous SNPs for which the genetic distance between
African and Asian populations was >2 SD above the
mean for that category (Table 4). In any of these cases
it is possible that the high interpopulation distance is
due to chance, whether random genetic drift or sam-
pling error. On the other hand, it is possible that in
at least some of these cases, differentiation between
populations has been driven by natural selection.

DISCUSSION

In previous analyses with the same study populations,
we found significantly reduced gene diversity in the case
of radical nonsynonymous SNP loci in comparison with
other SNP categories in the same genes (HUGHES et al.
2003). Since the gene diversity at radical nonsynony-
mous SNPs was reduced in comparison to silent SNPs
in the same genes, the likely cause of reduced gene diver-
sity at the former is purifying selection (HUGHES et al.
2003); that is, natural selection acting to remove deleteri-
ous mutations (KiMmURA and OHTA 1974; NEI 1987). Simi-
lar results were reported by SUNYAEV et al. (2001),
FREUDENBERG- HuaA ¢t al. (2003), and ZHAO et al. (2003).

In this study, examining twice as many SNPs as in our
previous study, we found evidence of purifying selection
not only at radical nonsynonymous SNPs, but also at
SNPs in the 5'-UTR. The evidence of purifying selection
took the form not only of decreased gene diversity at
these SNP sites but also of reduced interpopulation
divergence. Overall, the interpopulation divergence was
positively correlated with mean intrapopulation gene
diversity. It is expected that, if purifying selection is
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TABLE 3

Mean (*SE) and median gene diversity values and correlations between gene diversity and

genetic distance at SNP loci in different functional categories

Gene diversity

Correlation coefficient (P)

SNP category Mean *= SE Median Pearson Spearman (rank)
Silent
5'-noncoding
UTR 0.205 = 0.028 0.082 0.203 (NS) 0.365 (0.003)
Non-UTR 0.254 = 0.014* 0.139s#* 0.377 (<0.001) 0.638 (<0.001)
3’-noncoding
UTR 0.255 = 0.014* 0.14 0%k 0.345 (<0.001) 0.570 (<0.001)
Non-UTR 0.245 + 0.020* 0.103%%#%* 0.330 (<0.001) 0.580 (<0.001)
Intron 0.265 * 0.008** 0.169%*** 0.307 (<0.001) 0.508 (<0.001)
Synonymous in exon 0.274 = 0.013%** 0.180%#** 0.290 (<0.001) 0.458 (<0.001)
Nonsynonymous
Conservative 0.224 + 0.012* 0.089%#* 0.409 (<0.001) 0.551 (<0.001)
Radical 0.142 = 0.028 0.064 0.358 (0.017) 0.674 (<0.001)
All sites 0.253 + 0.005 0.132 0.331 (<0.001) 0.535 (<0.001)

Tests of the hypothesis that mean gene diversity equals that for radical nonsynonymous SNP loci (#test):
*P<0.01; #P<0.001. Tests of the hypothesis that median gene diversity equals that for radical nonsynonymous
SNP loci (Mann-Whitney test): ***P < 0.05; ****P < 0.01.

acting similarly in two populations to reduce frequency
of a deleterious allele, the reduction in frequency will
be similar in both populations, causing similar allele
frequencies in the two populations. As a result, the ge-
netic distance between populations will be reduced at
alocus subject to purifying selection in both populations
in comparison to a locus that is subject to random ge-
netic drift in both populations.

Thus, our results demonstrate the utility of examining
interpopulation divergence as a simple strategy for iden-
tifying SNP sites subject to purifying selection that thus
are candidates for complex disease associations. Note
that, in the present case, the numbers of individuals
examined in each population were modest. Thus, this
approach holds promise for providing an efficient
method for identifying SNPs subject to purifying selec-
tion when available resources limit the number of indi-
viduals that can be examined.

Moreover, the methods used here are more readily
applicable to the study of SNP sites than are such widely
used tests for natural selection as those of TAjimA (1989)
and Fu and L1 (1993). The latter tests are more applica-
ble to sequencing studies than to SNP studies because
they examine all polymorphic sites across a gene. In the
case of SNP studies certain polymorphic sites may be
unknown and thus may not be ascertained. Lack of
ascertainment of certain SNPs is not a problem for the
present method because known SNPs are compared
within other known SNPs in different functional catego-
ries ascertained for the same set of genes. Furthermore,
the methods of Tajima (1989) and Fu and Lr (1993)
assume a random sample of the population and are very
sensitive to violations of that assumption (HAMMER et

al. 2003). Indeed, constructing a random sample of se-
quences from the entire human species raises numerous
practical difficulties. The present methods, on the other
hand, because they depend on comparisons between
SNPs of different categories across the same set of genes,
do not depend on the assumption of a random sample.

The population frequencies of the lower-frequency
allele at SNP sites in the categories (5'-UTR and radical
nonsynonymous SNPs) that showed evidence of purify-
ing selection were typically in the range of 1-10%. WoNG
et al. (2003) similarly reported numerous nonsynonymous
SNPs with similar allelic frequencies in a sample of 114
human genes. These frequencies are at least an order
of magnitude higher than those of human genes causing
severe Mendelian diseases, such as cystic fibrosis or Hun-
tington’s chorea (McKusick and FrRancomano 1997).
This in turn suggests that the selection coefficients at
many of these SNP sites are smaller than those at loci
associated with severe disease.

Evidence of such mild purifying selection can be used
to identify candidate loci for association with complex
diseases, since SNPs associated with complex diseases
are expected to be slightly deleterious, unlike the highly
deleterious genes associated with Mendelian diseases.
Thus, if nonsynonymous SNPs or SNPs in the 5-UTR
show lower gene diversity than other SNPs in the same
genes, these are potential candidates for complex dis-
ease-association studies (HUGHES et al. 2003). In addi-
tion, the present results suggest that nonsynonymous
SNPs or SNPs in the 5-UTR that show low levels of
interpopulation divergence are potential candidates for
complex disease-association studies.

The protein-coding loci chosen for this study were
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TABLE 4

5’-UTR and radical synonymous SNPs with unusually large (>2 standard deviations above mean d value
for category) genetic distance between African and Asian populations

Gene Function Amino acid change* dbSNPID"’ d
5-UTR
GH1 Growth hormone 1 — Rs6175 0.087
IL8 Interleukin-8 — Rs2227538 0.079
LIG4 Ligase IV, DNA/ATP-dependent — Rs1805388 0.066
— Rs4987182 0.076
PTGS2 Prostoglandin-endoperoxide synthase 1 — Rs55276 0.110

Radical nonsynonymous

ADHI1B Alcohol-dehydrogenase class I, B-polypeptide R370C Rs2066702 0.087
GNRH1 Gonadotropin-releasing hormone receptor W16S Rs6185 0.176
Other nonsynonymous
ADHI1B Alcohol-dehydrogenase class I, B-polypeptide R48H Rs1229984 0.225
AHRR Aryl-hydrocarbon receptor repressor P185A Rs2292596 0.122
AKR1C3 Aldo-keto reductase family 1, member C3 H5Q Rs12529 0.122
APOB Apoliprotein B N338S Rs1042034 0.177
APOB Apoliprotein B P2739L Rs676210 0.177
ATM Ataxia telangiectasia mutated E126D Rs2234997 0.115
BRCA1 Breast cancer 1, early onset P871L Rs79917 0.172
CASR Calcium-sensing receptor R990G Rs1042636 0.121
CD86 CD86 antigen 1179V Rs2681417 0.162
CDKN1B Cyclin-dependent kinase inhibitor 1B V109G Rs2066827 0.223
CYP1B1 Cytochome P450, subfamily 1 L432V Rs1056836 0.346
CYP2D6 Cytochrome p450, subfamily IID C265Y Rs2743458 0.209
DHDH Dihydrodiol dehydrogenase S66N Rs2270941 0.126
EPHX1 Epoxide hydrolase, microsomal Y133H Rs1051740 0.152
GSTM3 Glutathione Stransferase M3 V2241 Rs7483 0.160
IL4R Interlekin-4 receptor Q576R Rs10801275  0.226
LEPR Leptin receptor K109R Rs1137100 0.137
NAT?2 N-Acetyl transferase 2 K268R Rs1208 0.116
SHMT1 Serine hydroxymethyl transferase 1 L474F Rs1979277 0.162
SLC23A1 Solute carrier family 23, member 1 V264M — 0.158
TNFRSF10A Tumor necrosis factor receptor superfamily, member 10A T209R — 0.260

“ Single-letter amino acid code is used; amino acid positions are numbered as in the primary translation product.
’Identification (ID) number in the public SNP database, dbSNP (SHERRY et al. 2001).

chosen because of their potential involvement in cancer
or other complex diseases (PACKER et al. 2004). Thus,
they included loci encoding proteins involved in funda-
mental cellular processes, many of which are expected
to be subject to strong purifying selection because of
stringent functional constraints. On the other hand,
they also included a large number of loci encoding
cytokines and other immune system proteins, which are
known to evolve rapidly at the amino acid level and thus
appear to be subject to a relatively low level of functional
constraint (MurprHY 1993; HucHEs 1997). Further stud-
ies will be required to determine whether the frequency
of sites subject to purifying selection in our data set
differs from that in a random set of human protein-
coding loci.

The existence of slightly deleterious alleles subject to
purifying selection yet nonetheless occurring at rather
high frequencies in the human population is consistent
with OHTA’s (1976, 2002) nearly neutral theory of mo-

lecular evolution. This theory predicts that, when the
effective population size is small, slightly deleterious
alleles behave as if selectively neutral and thus can drift
to higher than expected frequencies in large popula-
tions (OHTA 1976). There is substantial evidence that
the human population has undergone an expansion
beginning in the Pleistocene, and thus that our species
has a bottlenecked population history (HARPENDING et
al. 1998; MARTH et al. 2003). Slightly deleterious alleles
that drifted to high frequencies during the bottleneck
phase are expected to decrease gradually in frequency
as effective population size increases and purifying selec-
tion becomes more effective. SNPs in the 5’-UTR and
radical nonsynonymous SNPs showed a reduction in
gene diversity in comparison with other SNPs from the
same set of genes that is consistent with this prediction.

By contrast, a number of SNPs in the 5'-UTR and
a number of nonsynonymous SNPs showed very high
genetic distances between African and Asian popula-
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tions (Table 4). Although these high values might be
due to genetic drift or stochastic error, it is possible that
at least some of these represent cases where positive
selection has acted to favor different phenotypes in dif-
ferent human populations. Interestingly, these cases in-
clude immune system genes (IL8 and LLIG4), hormones
and hormone receptors (GHI and GNRH1), and meta-
bolic enzymes (e.g., ADH1B and CYP1B1), which might
plausibly be subject to different selective pressures in
different environments.

Published studies on several SNPs identified in our
study provide an important context for assessing the
utility of this strategy. For example, a well-characterized
SNP (rs4073), which lies in the proximal promoter of
IL8, has been reported to alter the regulation of the IL8
gene and has been associated with two major infectious
disease outcomes, resistance to tuberculosis and severity
of respiratory syncytial virus (RSV) infection (HULL et
al. 2001; CHoI et al. 2002; MA et al. 2003). Interestingly,
the association between IL8 and RSV has been shown
in Europeans but not in Koreans, where the distribution
of variant alleles is markedly shifted. Similarly, IL4R
has been associated with RSV infection in European
children but not in Korean children—again suggesting
that variants in IL8 or IL4R, or perhaps in additional
genes, may contribute to the observed differences be-
tween populations even for SNPs in which a functional
difference between alleles has been demonstrated (HOEBEE
et al. 2003). Several other notable examples include
studies by ROCKMAN et al. (2003) in which they provide
evidence that natural selection has led to different allelic
frequencies in human populations at a SNP locus in the
promoter of another cytokine, IL4, and BERNIG et al.
(2004) in which they show different frequencies of func-
tionally significant haplotypes for the MBL2 gene.

A metabolic gene exhibiting SNPs with high interpop-
ulation differences is the ADHIB gene, which exhibits
both radical (R370C) and conservative (R48H) nonsyn-
onymous SNPs with high interpopulation divergence. In
particular, OSIER el al. (2002) considered the frequency
divergence between East Asian and other human popu-
lations at the R48H SNP, which exhibits the highest
F, observed among 86 unlinked sites in 33 worldwide
populations (OSIER et al. 2002), too high to be explain-
able by genetic drift alone. A group of metabolic genes
exhibiting SNPs with high interpopulation differences
are those involved in oxidation of benzo[a]pyrene, in-
cluding CYP1B1, DHDH, and EPHXI, each exhibiting
a conservative nonsynonymous SNP with a significant
interpopulation difference (Table 4). In particular,
CYP1BI, with a SNP (L.432V) with the highest interpop-
ulation difference in the samples examined in this study,
has SNPs with well-characterized population differences,
e.g,a dof 0.223 in a sample of 111 and 120 individuals
with African and Asian ancestry, respectively (MAMMEN et
al. 2003).

The hypothesis of positive selection at the SNP sites

listed in Table 4 can be tested further by examining
allelic frequencies in larger samples and also by testing
for associations between polymorphism at these loci and
observable phenotypes. Thus, the computation of ge-
netic distances between populations at SNP sites pro-
vides a simple strategy for identifying SNPs that may have
been subject to directional selection over the course
of human evolution, which can complement strategies
based on statistics such as Fgr (AKEY et al. 2002) and
linkage disequilibrium (SCHNEIDER et al. 2003) or statis-
tics based on the pattern of sequence variability (Bam-
SHAD and WooDING 2003).

This project has been funded in part with federal funds from the
National Cancer Institute, National Institutes of Health (NIH), under
contract no. NO1-CO-12400. Partial support was provided by NIH
grant GM43940 to A.L.H.
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